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The Director General Maritime Engineering ard Maintenance (DQMEM) is
pleased to present the Proceedings of the Sixth Ship Control System
Symposium held at the Chateau Laurier/National Gonference Centre complex in
Ottawa, Canada, 26-30 October 198l. This is the sixth in a series of sympo-
sia on ship control systems. The First Ship Control Systems Symposium was
convened in 1966.

The technical papers presented at the Symposium and published in
these proceedings cover the entire spectrum of ship control systems and
provide an insight into technological developments which are continuously
offering the ship control system designer new options in addressing the
complex man/machine operation. The microprocessor and its apparently
unlimited development potential in future digital, distributed control
systems appears ready to reshape the conventional ooncepts now so familiar
in control system designs. There are many oconcerns that the advantages of
the new technologies will be negated by the-inability of training systems to
graduate technicians who can adequately cope with these new systems.

The response to "Call For Papers® was outstanding and the papers
selection committee constrained by the time available for presentations, was
hard pressed to meke their final selections from the many fine abstracts
submitted. ‘The final papers represent a unique intemational flavour which
includes authors from every facet of the ship control system commnity. The
final program is a balance of both theoretical and practical control system
papers.

These Proceedings oconstitute the major record of the Sixth Ship
Control Systems Symposium, The contents indicate the success of the
Symposium and provide same insight into the effort that was required to
ensure this success. The Symposium organizing committee, advisory groups,
publications branch, authors, session chairmen, international coordinators,
clerical and administrative personnel, and management all provided positive
and oooperative support to the many tasks that had to be performed in
organizing and presenting the Symposium,

This Symposium has continued to explore and present a number of
specific aspects of ship control systems and undoubtly the next symposium
will include new concepts and ideas which were unavailable for this
Symposium. As in the past, we hope these Proceedings become a source docu=
ment on ship control along with the previous proceedings. It is our hope
that the 9ymposium has provided stimalation to those who will continue to
advance this technical field.

Bruce H. Baxter
General Chairman

PRECEDING PAGE BLANK

Philip V. Penny
Technical Chairman
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COLLISION AVOIDANCE AND NAVIGATION AOR HIGH SPEED SHIPS
A REPORT ON HICANS

by CDR William Erickson, U.S. Navy
Bert Tiblin and Lanny Puckett
Sperry Systems Management

ABSTRACT

While the need for automation of the bridge related function of collision
avoidance and navigation is not yet universally accepted for conventional sur-
face ships, such need for high speed ships is now appreciated. However, in the
degign and congtruction of the first NATO Hydrofoil {PHM~1), both collision
avoidance and coastal navigation and piloting were left to be accomplished in
the conventional (manual) way. The U.S. Navy now has installed a system aboard
USS PEGASUS (PHM-1) which greatly improves the efficiency and safety of the PHM
in these areas. This paper describes this system, the High Speed Ship Collision
Avoldance and Navigation System (HICANS), both functionally and physically. In
particular, the use of digital charts and TV projection of standard paper charts
is described. The paper also descrihes the results to date of at~sea testing of
the system aboard USS PEGASUS. When approved for service use, HICANS is sche-
duled to be installed in the five additional PHM's being built and will be a
zignificant enhancement for other high speed ships.

INTRODUCTION

The USS PEGASUS (PHM~1) which was launched fully combat outfitted in
November 1974 is described in reference (1) and is shown in Pigure 1. An inten~
sive test program, involving the combat system as well as the vessel, was
followed by a deployment off the West Coast of the United States. A onevmonth
independent operational evaluation (OPEVAL) was d d by T der,
Operational Test and Evaluation Porce (COMOPTEVFOR) in May 1976. The opera-~
tional evalvation identified a need for improving the piloting and collision
avoidance capabilities of the craft. As a result, an interim system, TANCAV,
which was originally developed, ingtalled, and evalusted aboard the Highpoint
[PCR-1) by the Hydrofoil Special Trials Units (HYSTU) at Bremerton, Washington,
wag installed aboard the USS PEGASUS. This system, which was manually operated,
used commercially available egquipment to provide a TV picture of the nautical
chart which was superimposed on a scan converted radar picture. By matching the
radar video to the chart, this system enabled the auwn ship position to be ghown
relative to the charted land countours, buoys, channels, and hazards. This
system was used as the primary navigation reference when flying at high speeds
in pilotage waters.

in the spring of 1977, the Navy issued a request for proposal for a
system which would provide for improved operability, higher accuracy and asuto-
mated collision avoidance functions. An award was made to Sperry Systems
Management for the development of HICANS in December 1977. Three years later,
in December 1980, the HICANS eyatem completed its factory acceptance test and
was delivered to Xey West, Florida for installation aboard the Pegasus. The
installation and dockside tests were completed by mid January and were lollowed
by a test and evaluation program which is scheduled to culminate {n an OPEVAL in
the Fall of 1981,

C3-1



Figure 1. USS Pegasus (PHM~1)

HICANS BACXGROUND

The ship automation program, which eventually led to the HICANS, was
started at Sperry in 1968. This program addressed both commercial and high
speed ship navigation and collision avoidance. The initial high speed ship stu-
dies were sponsored by the Joint Surface Effect Ship Project Office in 1969 and
were later applied to hydrofoils as well as surface effects ships.

INCAS (Integrated Collision Avoidance and Navigation System) was the first
system developed using high speed ship concepts. It was used for high speed
simulations and was successfully evaluated aboard a commercial tanker in 1971
and 72. The first commercial systems were produced by Sperry in 1972 and more
than 500 systems have been delivered since then. In support of the Surface
Effect Ship programs, a commercial system was nndified for use aboard an SES.
This system, CAANS (Collision Avoidance and Na:igation System), was to be eva-
luated aboard one of the 100 ton SES'S but because of schedule conflict;, was
installed and evaluated aboard USS FLAGSTAFF (PGH~1).

The first militarized collision avoidance and navigation system was pro-
vided to the U.S. Navy as part of the Integrated Bridge System (1Bs) (2}, The
IBS was installed aboard USS McCANDLESS (FF-1084) in 1976 and during nine months
of at-gea testing in which the effectiveness of the system was demonstrated,
McCandless participated in two fleet exercises, including a joint U.S.~ Canadian
exercise, and a modified refresher training in addition to all the norual eva-
luations of a navy frigate. c3=2



Closest Point of Approach (CPA) will he less than the value selected hy the
operator. 1In Figure 2, own ship headina marker does not iantercept any PPC or
PAD, therefore, the ship is on a safe course and all CPA's will be greater than
the preset value. If own ship's heading were altered to appro»imately 290
degrees, then a potential enllision threat would exist for target 094, If no
PAD exists or if it is not within the screen display area, then a vector repre-
senting the target's travel in six minutes is displayed (target 003). This
display approach preseats a time ordered CPA matrix which allows a operator to
determine at a glance the threats to own ship, and to determine a s3afe course
change whenever necessary.

QVER WATER
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RG 3400 SHIP S POSITION
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LONG w480 24 §9M™ LONG W4BD 13 40M

Figure 2. Collision Avoidance Conning Display

To determine the effects of a change in own ship's speed, a trial speed may
be entered by the operator and while the trial speed is selected, the conning
display is recalculated to reflect this speed.

Figure 3 shows the cellision aveidance tableau on the data display. The
four most threatening targets are displayed whenever collision avoidance is
selected. Additional targets may be displayed using the paging mode of the data
display. This data tableau contains all of the data normally obtained by manual
plotting.
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CONTACT  TGT BRG RNG (RS SP BCPA  (CPA TCPA  CPAT
DATA 004 326 Z1.7x 175 11 263 08.8k 03k 1234
S02 148 25.4x  ou4r, O 148 25,4k 000 120¢C
003 247 26.1k 153 22 247 26.1K oo 120¢C

Figure 3. Collision Avoidance Data Display

To alert the operator to potential danger two collision avoidance alarms
are provided. The CPA Alert is activated if a target has a CPA less than the
prese- value and that CPA will occur within 12 minutes. The Minimum Range Alert
occurs when a target's actual range is less than the minimum range selected by
the operator. These alarms are both audible and vigsual, and the target data
causing the alarm blinks on both the Conning and Data Displays. The audible
portion of the alarm may be silenced by pressing the alarm indicator.

Navigation

The HICANS navigation function is addressed primarily to coastal navigation
and piloting, and is accomplished by superimposing a nautical chart onto the
radar display. The original Navy requirement was for a TV image of a standard
nautical chart, however the basic hardware also provided digital chart capabi-
lity and only required software to allow full evaluation of both techniques.

The system continuocusly maintains a Dead Reckoned (DR) position based on
gyro and EM log inputs. This position is displayed as latitude and longitude
readouts and is used by both chart modes. The DR position can be updated using
OMEGA fixes when in open ncean and by one of the following when in either of the
chart modes:

® Map matching
e Radar position fixing
e Visual position fixing. C3-5%5




These techniques are described in the following paragraphs.

Paper Chart Navigation. For paper chart navigation, a TV camera is used to
provide an image of a nautical chart which can be mixed with the radar TV video.
Figure 4 shows a typical display of a paper chart image superimposed on the
radar. The operator can slew the chart to obtain a match of radar returns
with the charted data and from this, the location of own ship with respect to
charted hazards is known. The system uses dead reckoning to maintain this
alignment. Note that collision avoidance data may also be displayed at the same
time providing a complete picture of all hazards for the 0OD. 1In the paper
chart mode, the system allows Lhe operator to enter up to thirty (30) navigation
aids. These aids are entered by type, latitude, and longitude and appear on the
conning display when within the displayed area and as a list on the data
display. Having digitally stored navigation aids provides three enhancements to
the paper chart mode:

1. Once aligned with the radar and paper chart, the aids provide a
reference for quickly realigning the new paper chart when a chart
change is necessary. The aids also provide a latitude and longitude
reference whicn is not available directly from the paper chart.

10mC 76D 17 SOM

Figure 4. Paper ‘hart Display
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2. If there are radar trackable aids, such as fixed lights {and
secondarily buoys), the system will perform automatic radar position
fixing. To accoumplish this, the operator first aligns the aid
symbol with the radar return and then designates these to the system
for radar position fixing. The system then tracks the radar return
and maintains the alignment of the two. Course and speed of the ship
over the ground are also calculated. Set and drift can also be
requested by the operator when in radar position fixing. Up to 10 aids
may be used at one time for radar position fixing. The system checks
for congistency and will not ugse one or more of the aids if they do no%
meet the acceptance criteria. 1If all of the aids fail the test, the
gystem will provide an alarm.

3. Visual lines of position can also be displayed using the digital navi-
gation ai1ls. An operator using either of the two bridge peloruses can
enter a sighting into the system; the system will then correlate that
bearing with the appropriate aid and display a line of position (LOP)
on the conning display. The LOP's are advanced as in a running fix to
eliminate timing errors. With two or more LOP's displayed the opera-
tor, if necessary, can slew the chart to ingert the visual fix. The
system will display up to six LOP's at one time.

Digital Chart Navigation. HICANS provides the capability to display chart
features which have been loaded into the computer from magnetic tape. The chart
congists of selected navigation aids, straight line approximations of shore
lines, shoal lines, channel lines, and intended track lines. Figqure 5 shows a
typical conning display digital chart. On the data display the navigational
aids can be called up with amplifying data such as the type of buoy and its
number or the type of visual aid.
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Figure 5. Dig%fa% Chart Display




The digital chart mode has both radar position fixing and visual lines of
position as described for paper chart. In addition, using the intended track
line, which can be altered by the operator, the system can provide course~to-
turnpoint information, including courge and time to turnpoint, next course, and
a graphic display of the turnpoint. Because the chart data is stored digitally,
there is no calibration required; range scale selection is not limited; and a
large area can be covered the reducing the number of times a chart must be
changed. The data (e.g., navigation aid numbers) can be selectively filtered to
remove unnecessary data from the screen.

Other Features

HICANS also provides assistance to the operator for taking station on a
quide. Once a tracked target has been designated as a guide, and station coor-
dinates have been entered by the operator, the system will display a course-to-
station based on present ship's speed. If a trial speed is entered, the system
will provide the solution using that speed. The solution{(s) are diaplayed both
on the conning display and the data display.

For other manuevers the system calculates a "future maneuver” solution. To
obtain this, the operator designates a point on the display and the system
recomputes the display to appear as it would if own ship proceeded to that
point. As with trial speed, the solution is displayed and updated only as long
as the button is held down.

Up to ten (10) waypoints can be entered by the operator. These waypoints
are then displayed on the conning display when within the display area.

A video recorder which records the image on the conning display provideg a
record for legal, event reconstruction, and training purposes.

SYSTEM DESCRIPTION
Operator Stations

HICANS has three operator stations. The CIC Console shown in Figure 6 is
the primary station. From this station, the operator can select modes and
display configurationas, acquire and drop targets, control the digital chart and
request course-to-station solutions. Two interswitchable TV monitors are pro~
vided along with backlighted pushbutton switches, thumbwheel switches, a track-
ball, and a numeric keyboard. In USS PEGASUS this console is located in the
forward starboard corner of CIC and is readily accessible to the Tactical Action
Officer.

The Bridge Console, shown in Figure 7 is located on the left side of the
pilothouse and provides the Officer of the Deck with primarily a display func-
tion. when the bridge is in control of the system, the operator can select
modes and control the display configuration for decision making purposes, but
cannot perform functions such as target acquisition or manual tracking. The
congole contains two switchable TV displays with pushbuttons and a trackball.
The bridge operator can use the trackball to request data on targets and naviga-
tion aids, and to measure range and bearing (or latitude and longitude). Both
the bridge and CIC operators can also select the ship's low light level TV to be
displayed on one of the TV's.

Cc3-8
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The third station consists of a single 17" TV monitor and the controls for
the paper chart system. This station, shown in Figure 8, is located adjacent to
the chart table and allows the operator to slew the camera into position and to
trim the zoom lens if necessary. The camera controls are also accessible from
this station.

Equipment Description

Figure 9 shows a block diagram of the HICANS. The center of the system is
the AN/UYK-20 computer which is the U.S. Navy standard mini-computer. The soft-
ware is written in (MS-2M, the standard higher order language for AN/UYK-20.
The program and digital charts are loaded into the computer from the AN/USH-26
cartridge magnetic tape unit.

The computer interfaces with the ship's gyro and speed log as well as with
the operator controls and indicators through the data converter unit.

Radar target tracking is accomplished by software in the AN/UYK-20 and the
hardware video processor. This device, which interfaces with both the AN/SPS-63
navigation radar and the MK 94 fire control radar, contains circuitry for two
trackers and one guard ring. The guard ring hardware is shared between the two
gquard rings under computer control and the trackers are also assigned by the
computer. The computer provides gate size and location to the tracker and the
tracker returns radar noise level and target centroid to the computer. From
this, the computer adjusts thresholds and determines target position. This
data is then smoothed by an alpha-beta filter for computation and display of
target vectors and danger zones.

Figure 8. Paper Chart Control Station
c3-10
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Figure 9. HICANS Block Diagram
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HICANS uses raster scan TV for the operator displays. TV was chosen
because of the brightness available with TV and the ease of providing additional
displays. To provide sufficient resolution for the graphic display, high reso-
lution (945 line) TV is used. The HICANS TV monitors are 14 and 17 inches with
sufficient brightness to be viewable in the high ambient brightness of the
pilothouse. The monitors automatically sense the line rate {945 or 525) of the
incoming signal and switch to that rate.

The radar sScan converter provides the TV display of radar for HICANS. This
digital device takes the radar data in standard PPI format, digitizes it into
seven shades of grey and stores it in memory. The memory is then read out in
X-Y format at the TV line rate. The data is decayed digitally with a fade from
1 scan to 16 scans.

Computer data for the conning display is converted to high resolution TV
format by the cue generator. This digital device using the on-the~fly technique
generates vectors, circles, ellipses, alphanumeric and special symbols,
including NTDS symbology.

The cue generator data and the paper chart TV camera data are mixed with
the scan converted radar data in the video mixer portion of the scan converter
and provided as buffered outputs to each of the HICANS monitors. The scan con-
verter also generates the TV gychronizer signals for the three high resolution
devices.
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An alphanumeric generator provides data for the data display in a 525 line
TV format. This device produces 24 lines of 80 characters from computer pro-
vided data.

The paper chart image system (shown in Figure 10) consists of a 945 line TV
camera with 10 to 1 zoom lens and an X-Y carriage system. The camera system
covers a field of view to provide a circular TV picture of a nautical chart to
match the scan converted radar. Zoom commands for the lens come from the com-
puter via the carriage electronics. The computer calculates the zoom command
bagsed on the operator entered chart scale and the selected display range scale.
Although the selection of range scales is limited, generally at least three are
available. For example, for a 1: 40,000 chart, range scales of 1,2, and 4 miles
are available. The camera head and zoom lens are mounted on the X-Y carriage.
This carriage is moved by stepper wmotors driving lead screws; position of the
carriage is sensed by synchros. The carriage electronics accepts X-Y position
commands from the computer and drives the camera to the ordered position. The
carriage control station allows the operator to slew the camera and also to make
trim adjustments to the X and Y position using a trackball. The zoom lens can
also be trimmed by the operator. A backup manual mode allows the operator to
control the X-Y position and camera zoom directly.

Figure 10. Chart Image System
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TESTING

The assembly and integration of HICANS was completed in the fall of 1980.
Prior to delivery, Navy personnel from the USS PEGASUS and the Mobile logistic
Support Group received training on the operation and maintenance of the system.
The system was delivered to the PEGASUS in December, 1980.

Installation and checkout of HICANS in PEGASUS was accomplished pierside at
Key West, Florida in a three-week periocd and at sea test and evaluation began in
the middle of January. Since the installation, HICANS has been PEGASUS's pri-
mary coastal navigation system.

Prom January through August of 1981, PEGASUS has been at sea for approxima-
tely 30 days and has participated in one fleet exercise. The Technical
Rvaluation (TECHEVAL) has just been completed; and although analysis of the data
is still being performed, early indications are that the testing has been very
successful. For example, for one transit jinto Key West, the mean error was 25
yards compared with the specification goal of 50 yards.

FUNCTIONAL EXPERIENCE

Most of the piloting experience with HICANS has been in and out of Rey
West. With both the digital and paper charts available, the ship normally uses
the digital chart with regular shifts to the paper chart for confirmation of
position. The positions have usually been in close agreement and are in
agreement with the visual location on the ranges of the channel. A typical com~
parison has been HICANS shows the ship slightly to one side of the center of
ch. i nel, while a sighting on the range shows the ship slightly to the other
side. Visual position fixing, map matching, and radar position fixing are all
being used with consistent success, and on at least one occasion a simulated
“blind" entry was made using only HICANS. On a transit up the coast of Florida
to Mayport, the paper chart (with manually entered digital aids) was used
throughout the trip. ®hen approaching the entrance to Mayport, the CIC used
HICANS to talk the bridge into port.

During the fleet exercise HICANS was used extensively in allowing USS
PEGASUS to perform its mission. The course-to-station solution was used several
times and the continuously updated collision avoidance picture not only provided
for safe maneuvering, but it allowed Pegasus to easily maintain the identity of
the other ships and in one case under severe weather conditions, to establish
the identity of the underway replenishment (UNREP) ship based on the stated
UNREP course and speed.

During normal operations, the CIC console is operated by the ship's First
Class Operations Specialist and the Officer of the Deck uses the bridge console.
On many occasions the Executive Officer who has received no formal training on
HICANS has operated the system in his capacity as navigator. Based on their
experience with HICANS to date the crew has been very positive in their accep-
tance and use of the system.

RELIABILITY AND MAINTAINABILITY

Between the middle of January and the middle of August, the HICANS has
accumulated 1750 hours. During this period there have been only three critical
failures where a critical fallure is defined as one which does not allow HICANS
to perform one or more of its functions. This results in an obgerved
Mean-Time-Between-Failures (MTBF) of 583 hours. This compares favorably with
the predicted value of 570 hours and if maintained during the remainder of the
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at-sea testing, will more than satisfy the threshold of 370 hours. Three other
failures, which are considered minor because they did not degrade of HICANS per-
formance, have also occurred.

Maintenance to date, including isolation and repair of the above failures
has shown both preventive and corrective maintenance are oagily performed. A
maintenance demonstration has been conducted aboard PEGASUS, and the measured
mean-time-to-repair (MITR) was approximately 35 minutes compared with a goal of
60 minutes. Technical manuals have been provided and are being verifiad as the
system is being operated and maintained.

FUTURE PLANS

HICANS is scheduled to underge formal Technical Evaluation (TECHEVAL) and
Operational Evaluation (OPEVAL) in the fall of 1981. Based on experience to
date, this testing will be successful and the system will be approved for ser-
vice use. Additional systems may then be built for the five additional PHM's
which have been ordered by the Navy.

In conclusion, HICANS is proving to be a reliable, functionally capable
system which should increase the effectiveness and safety of the PHM's. it is
also an already developed system ready for use on other high speed ships.
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SENSING SYSTEMS FOR MEASUREMENT AND CONTROL OF RELATIVE SHIP POSITION
OVER CLOSE RANGES (UNDERWAY REPLENISHMENT)

by Henry K. Whitesel
and Ralph E. Wavle
Machinery Automation and Control Division
David Taylor Naval Ship Research and Development Center

ABSTRACT

The probability of ship collision during underway replenishment (UNREP) opera-
tions increases with decreasing distance between the ships. The strong interaction
forces and moments between ships steaming alongside can make UNREP more risky than
normal cruising. As a result, analysis has been performed to identify the ship
control parameters and their allowable limits pursuant to reducing the probability
of collision. The David Taylor Naval Ship Research and Development Center (DTNSRDC)
is now developing a system to measure and display the critical control parameters
for the helmsmen of both ships during UNREP. Both active and passive sensors were
considered for the system measurement unit, with acoustic and electromagnetic
gources. Candidate sensor systems were compared on the basis of cost and perform-
ance, mainly in the areas of accuracy, resolution, safety, alignment difficulty,
and update capabilities. Several basic geometrical configurations were also
studied, ranging from a simple single beam system to the more complicated closed-X,
four-beam configuration. From the results of this investigation, it was concluded
that an active millimeter wave system operating in the closed X configuration
would best satisfy the Navy's needs under the cost and performance constraints.
Passive systems were not found to be as well developed as active systems but offer
good promise as candidate ship coantrol sensors. Additional program plans include
the development of ship controller and display hardware for evaluation on a hybrid
computer simulation at DINSRDC and at sea on U. S. Navy ships.

INTRODUCTION

The measurement and control of ship position and motion, during close range
maneuvering with another cooperating ship, is the subject of this paper. Most of
the information given here wag generated for an ongoing project at the David Taylor
Naval Ship Research and Development Center; the abjective of the project is to pro-—
vide improved ship control during underway replenishmeat (UNREP). The ship comtrol
aspects are briefly discussed in this paper and in more detail in a related papet.(l)

The instrumentation technology used to remotely measure position and wotion
18 generally a function of range, with systems capable of making measurements over
thousands of kilometers differing from those making measurements below one meter.
The application for close range ship maneuvering falls in range of thousands of
meterg. For the UNREP application the range of interest is from 50 to 2000 feet.

Instrumentation considered for the measurement of ship to ship separation
distance and relative orientation is listed in Table I. Each of the instrument
technologies listed has either associated off-the-shelf equipment available or has
been proposed as a low risk, although sometimes expensive, development.
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Table I. Instrument Techniques for Measuring Distance During UNREP

Energy Form Active Passive

Electromagnetic Radar Infrared
Millimeter Visible
Infrared
Visible

Acoustic Ultrasonic Sonic
(Underwater (Underwater)

& Airborne)

The measurement of range with an active system is accomplished by measuring
the round trip transit time to the target and back. This is instrumented with both
pulse systems and continuous wave (CW) modulation. Use of passive techniques to
weasure range nearly always involves triangulation and geometry to calculate dis-
tance.

Electromagnetic energy has been used for distance measurement in nearly every
region of the spectrum with the most highly developed active systems using the
radar frequencies (30 MHz to 30 GHz). These radar ranging systems vary from ex—
tremely sophisticated, expensive systems to the more simpler types such as police
radar. They enjoy the advantages of a highly developed technology, readily avail-
able components and low absorption in the atmosphere.

The use of millimeter wave frequencles (30 GHz to 300 GHz) to measure distaoce
is a rapidly developing area due to the increasing availability of high frequency
solid state components. Current applications are mostly in the field of communica-
tions., Advantages of millimeter wave technology are smaller components and low
background signals. Operating frequencies can be selected for high atmospheric
absorption so that the ship's electromagnetic signature will not be increased.

The design of active systems to measure distance using the infrared and vis-
ible frequencies, usually requires narrow beam laser sources which must be aimed
in moving-vehicle and moving-target applications. Ranges measured by this method
vary from interplanetary distances to sub-millimeter distances. Surveying instru-
mentation working over several kilometer ranges are available off the shelf, Ad-
vantagea of using the infrared and visible frequencies include high accuracy and
portability of instrumentation. Sources can be selected for both very high and
very low atmospheric absorption.

Passive range measuring systems using electromagnetic energy normally operate
in the infrared and visible regions. Operation often depends on some form of
triangulation involving a target of known dimension. Distances measured vary from
the gseveral kilometers to the sub-meter range. The major advantage of passive
electromagnetic systems 1s that the ship's signature is not increased. Disadvan-
tages include a relatively high system cost per unit, low accuracy, and operating
difficulty in bad weather.

Acoustic energy can be used to measure distance in many of the game configur-
ations as electromagnetic energy and can be instrumented with either water or air
as the energy propagation medium.

Active acoustic range measuring systems usually operate at frequencies below
one megahertz and employ some scheme of measuring acousti{c energy transit time
from source to target and return. The carrier frequency can be selected for both
large and small transmitting medium absorption. Disadvantages are that accuracy
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is significantly affected by temperature and other transmitting medium conditions
and time update of the measurement is very slow relative to electromagnetic gystems,
Very few acoustic range measuring systems are available off the shelf.

Passive acoustic range sensors have not been developed and are not expected

to have performance characteristics competitive with passive electromagnetic systems.

Inertial systems (passive) are also available for distance sensing. In gen-
eral, the available systems were designed to be complex inertial navigation systems
with mulciple outputs including up to three-dimensional distance, velocity, and
accelerarion (both linear and rotational). Distance obtained by integrating accel-
eration and velocity always contains time dependent errors. Wheun using inertial
systems to measure distance it is essential to obtalm both accurate initial position
and veset data. Inertial systems were not considered for the UNREP application.

UNREP SHIP SEPARATION MEASUREMENT PROBLEM

Underway replenishment in the U. S. Navy occurs in three phases: approach,
station-keeping, and breakaway. The approximate paths followed by each ship are
shown in Figure 1. During the approach phase, the lead ship (also called supply
ship or replenishment ship) sets a corstant coutrse and speed and the approach ship
(also called tracking ship or receiving ship) comes up from an offset astern position
in a straight line approach. The Conning Officer of the approach ship maintains
5 to B yards between the wakes during the approach phase; this brings the approach
ship alongside the lead ship with a side-to-side separation of about 100 feet.
During the station-keeping phase the tracking ship matches speed with the lead
ship and maintai